Abstract.-The molecular systematics of vertebrates has been based entirely on alignments of primary structures of macromolecules; however, higher order features of DNA sequences not used in traditional studies also contain valuable phylogenetic information. Recent molecular data sets conflict over the phylogenetic placement of flightless birds (ratites -paleognaths), but placement of this clade critically influences interpretation of character change in birds. To help resolve this issue, we applied a new bioinformatics approach to the largest molecular data set currently available. We distilled nearly one megabase (1 million base pairs) of heterogeneous avian genomic DNA from 20 birds and an alligator into genomic signatures, defined as the complete set of frequencies of short sequence motifs (strings), thereby providing a way to directly compare higher order features of nonhomologous DNA sequences. Phylogenetic analysis and principal component analysis of the signatures strongly support the traditional hypothesis of basal ratites and monophyly of the nonratite birds (neognaths) and imply that ratite genomes are linguistically primitive within birds, despite their base compositional similarity to neognath genomes. Our analyses show further that the phylogenetic signal of genomic signatures are strongest among deep splits within vertebrates. Despite clear problems with phylogenetic analysis of genomic signatures, our study raises intriguing issues about the biological and genomic differences that fundamentally differentiate paleognaths and neognaths. , 2000) . However, the vast majority of DNA sequences in the databases come from studies on diverse taxa and diverse nonhomologous genes that cannot be aligned with one another. This largest source of DNA sequence data is likely to contain information of use to phylogeneticists. In addition to the information found in character states of aligned DNA sites, global sequence features and characteristics of higher order DNA sequence structure are known to 599
The phylogenetic analysis of the primary structure (sequence) of DNA has matured in recent years to encompass a wide variety of techniques, including incorporation of secondary structures of RNA and proteins to improve alignment and tree building (Suyama et al., 1997; Schoniger and von Haeseler, 1999). Most of these methods rely on or produce alignments of primary structures for assigning homology to individual sites prior to or during phylogenetic analysis (Mindell and Meyer, 2001) . It is less well appreciated that homology exists in DNA sequences at organizational levels higher than the individual DNA site and that "nonhomologous" DNA sequences that are not alignable by normal criteria can also contain phylogenetic information of use to systematists (Karlin and Burge, 1995; Karlin et al., 1997; Schneider, 1997). For example, distant relationships among proteins whose primary structures are unalignable can sometimes be found by examining secondary structures (Bullock et al., 1996; Matsuo et al., 1996) or hydrophobicity profiles (Leunissen and de Jong, 1986; Naylor et al., 1995; Ladunga and Smith, 1997). Here, we explore this idea with particular reference to the phylogenetic position of the major clade of flightless birds, the ratites, and the possibility that homology exists at higher order levels in DNA sequences captured in the particular DNA strings of avian species. Our analysis also suggests how large-scale bioinformatics analysis can inform phylogenetic analysis of major clades and provide new insights into genome evolution in birds and their relatives. Previous molecular studies of higher level relationships in birds and in vertebrates generally have gleaned information from character states of homologous sites observable in primary alignable sequences of macromolecules (e.g., Cooper and Penny, 1997; Groth and Barrowclough, 1999; van Tuinen et al., 2000). However, the vast majority of DNA sequences in the databases come from studies on diverse taxa and diverse nonhomologous genes that cannot be aligned with one another. This largest source of DNA sequence data is likely to contain information of use to phylogeneticists. In addition to the information found in character states of aligned DNA sites, global sequence features and characteristics of higher order DNA sequence structure are known to 599 provide some phylogenetic information, particularly at very deep phylogenetic levels such as among microbial lineages (Nussinov, 1984 
MATERIALS AND METHODS

Database Sequences
To maximize the signal of genomic DNA in our signatures, the highest priority for inclusion in the study was whether a sequence was genomic DNA; we tried to minimize the use of cDNA (mRNA) or mtDNA sequences, which would possess vocabularies dominated by coding regions and organelle string usage, respectively, and therefore presumably quite different from that for genomic DNA. In addition, we tried to avoid recent collections of homologous avian sequences (e.g., Groth , 2000) , but because the available sequence length for several species was limited (<4 kb), the longest string length whose frequencies could reasonably be resolved for all species was 5 nt, which required frequency estimation of 45 (1,024) distinct strings. Frequencies of strings 2-5 nt long were counted for each species from 5' to 3' for both strands of DNA, moving one base at a time (for details, see Deschavanne et al., 1999). Counting string frequencies on both strands removes any possible strand biases in string frequencies that could affect analysis. Use of a single base sliding window maximizes the power of the data and provides string frequencies very similar to an abutting-window sampling scheme. Thus, the signatures represent averages of string frequencies occurring throughout exons, introns, and repetitive and noncoding sequences.
The entire set of string frequencies for a given species can be displayed under the form of a single image, where the color value of each pixel corresponds to the frequency of a specific string in the sequence (Deschavanne et al., 1999), with darker colors indicating higher frequencies (Fig. 1) To guard against these effects, the expected frequency of each string, that is, the product of the frequencies of the nucleotide composing a given string, was subtracted from the observed frequency for each species prior to distance matrix estimation.
Standard statistical comparison of phylogenetic trees with these data is problematic, primarily because there is no known estimate of the variance-covariance matrix of the distances that would permit such tests (Rzhetsky and Nei, 1992 ). However, we were able to make rough comparisons among four competing phylogenetic hypotheses in three ways. First, we conducted standard bootstrap analysis of the trees by resampling strings at random with replacement to create pseudosignatures for calculation of distance matrices. This process was repeated 2,000 times to make 2,000 bootstrap replicates. FM and NJ trees were subsequently constructed and summarized as a consensus tree (Felsenstein, 1985) . Although strictly speaking the assumptions of the bootstrapping method are violated because strings are not independent variables, this approach was useful nonetheless. We also calculated the probability of obtaining bychance trees with two prespecified monophyletic groups from the entire universe of possible trees. This probability is (2a -3)!!(2b -1)!!/(2n -3)!! (M. Steel, pers. comm.), where K!! = 3 * 5 * 7 *... * K (for odd numbers), a and b are the number of species in the two specified clades (respectively 4 and 16), and n is the total number of species (a + b). Finally, we were able to make additional comparisons among competing trees by calculating the sum of squared deviations (SSD) of the intertaxon matrix and tree distances using the FitchMargoliash method; the SSD is expected to be lower for trees that better fit the distance matrix. In these comparisons, trees were used that only approximated competing hypotheses because of incomplete overlap of taxa between studies.
We also conducted statistical tests of variation in string frequencies among species. Within the framework of our methods, genomic signatures are objects characterized by string frequencies, where each string adds a new level of dimensionality to interspecific comparisons. Principal components analysis (PCA) offers a handy approach for summarizing genomic signature complexity and diversity. Each species can be represented as a point in a low-dimensional space where the axes express factors of variability between species, in decreasing order of magnitude, and distances between points represent differences between species. Discriminant analysis constructs a composite function that maximizes the separability of two (or more) groups identified a priori. This function is evaluated on its ability to correctly classify species left out during the construction of the discriminant function (one species at a time). When applied to multiple-species problems such as ours, such tests are not immune to the problem of nonindependence among species inherent in phylogenetic relationships. However, such effects are expected to be small in our study because the stemminess of our trees (the ratio of lengths of 602 VOL. 51 internal to external branches) was in general very low, a situation in which such statistical compromise is minimized (Purvis, 1996) .
RESULTS
Distinguishing Features of Genomic Signatures in Birds
Among the 20 avian and alligator sequences, the percentage of dinucleotides G and C varies from 41% (swallow) to 58% (Whooping Crane; (Fig. 3) . In addition to bootstrap analysis, inspection of SSDs shows that signature trees in which paleognaths are basal are more strongly supported than are competing trees. Whereas the best FM tree had the best fit with the lowest SSD (1.70), the trees implied by mtDNA (Fig. 4d) or DNA hybridization (Fig. 4e) data had much poorer fits with higher SSDs (8.25 and 8.28, respectively). The tree topology supported by recent analyses of nuclear DNA sequences (van Tuinen et al., 2000) has the lowest SSD (6.56) of any of the alternative hypotheses (Fig. 4f) . The SSDs for all trees in which branch lengths were not constrained to a molecular clock were significantly lower than those in which branch lengths were constrained (user-defined Kitsch trees, F-test: P < 0.05; signature tree, 42.82; mtDNA tree, 43.42; DNA hybridization tree, 50.57; nuclear DNA sequence tree, 49.77), indicating that rates of signature evolution are variable in birds.
Phylogenetics of Genomic
Statistical Analysis of String Frequencies
As judged by the percentage of the total variance explained by the PCA axes, the PCA of compositionally corrected signatures did a reasonable job of explaining the variation among species in string frequencies. PCA1 explained 26.6% of the variance, PCA2 explained 20.7%, and PCA3 explained 10.8%, with a total of 58% of the variance explained by these three axes (out of a total of 512 dimensions); 95% of the variance was explained in the first 12 PCA axes. Axes 1 and 2 separated all four paleognaths from the neognaths and placed paleognaths close to the alligator signature (Fig. 5) . Because the alligator signature is unambiguously the outgroup, these analyses suggest that ratite genomes are linguistically primitive within birds. The first component roughly corresponds to differences in purine-pyrimidine runs, whereas the second component captures differences in string frequency of specific common strings. Discriminant analysis of the signatures correctly identified paleognaths 100% of the time (jackknife validation). The frequency of 448 of the 1,024 possible 5-nt strings was significantly different between paleognaths and neognaths at the 5% level, and 172 were different at the 1% level (nonparametric (Table 1) show the strongest possible differences (nonoverlapping distribution) between the two groups (38 strings were found more frequently in the ratites and 8 were less frequent). These strings occur on average 2.28 times as frequently in paleognath than in neognath DNA but only 1.4 times as frequently as in the alligator, again suggesting a primitive DNA vocabulary for paleognaths. The data suggest that several 6-nt and even longer strings (7-nt strings such as ATTAGCC and CTTAACA and rare 8-nt strings) obtained by concatenation of some of the most discriminating 46 5-nt strings have frequencies that also differ drastically between the two groups.
Kruskall-Wallis test). The frequencies of 46 strings
Because we included a small number of mtDNA and mRNA sequences and sequences that were used in previous phylogenetic studies, we analyzed trees made from 5-nt string frequency tables after removal of these sequences. For this analysis, we had to add several new sequences to the outgroup, which consisted solely of such sequences. The FM tree of this reduced matrix had all ratites at the base of the tree, albeit with the Emu signature clustering with the neognath sequences, as in the 3-and 4-nt trees (Figs. 4a, 4b) . The PCA plot again showed clear discrimination between neognath and paleognath sequences, with the alligator and paleognath sequences falling in the same region of string frequency space. We therefore conclude that there is genuine signal in the genomic DNA data that indicates an ancestral position of ratite genomic signatures, and this signal was not compromised by the small amount of mtDNA, mRNA, or the phylogenetically sampled sequenes in the original data set.
DISCUSSION
Evaluation of the Phylogenetic Information Content of Genomic Signatures Our analysis suggests that the distribution of nucleotide strings in genomic DNA sequences in birds may contain some phylogenetic information, particularly at deep levels within birds. Despite its base compositional similarity to neognath genomic DNA, paleognath genomic DNA exhibits a string usage strikingly different from that of neognaths and resembling that of alligators. This difference in string frequency is strong enough to recover one of two competing hypotheses for basal branches within birds: Our analysis favors a sister-group relationship of neognaths and paleognaths, as supported by most nuclear DNA sequence data and morphology. These results are intriguing because this information has been extracted from DNA sequences that, by normal criteria, would clearly be considered nonhomologous and, in principle, devoid of phylogenetic information. This study is the first to demonstrate that higher order information can be gleaned from heterogeneous collections of DNA sequences and used to recover deep branches in vertebrate trees; several researchers have made similar claims for microbial systems (Pietrokovski et al., 1990; Karlin et al., 1997;  Abella et al., 1999) . Comparison of nonhomologous characters can frequently mislead phylogenetic analysis, but we have shown that higher order properties of "nonhomologous" DNA sequences may nonetheless be a source of phylogenetic information. However, it is less useful to describe the characters we have collected as "nonhomologous"; rather, like morphology, they likely represent traits that are affected by underlying genetic synapomorphies (such as changes in DNA repair enzymes) and are scored at hierarchical levels above the primary DNA sequence. To the extent to which similar string frequencies are due to shared developmental mechanisms, such as DNA repair, DNAprotein interactions, or mutation biases, genomic signatures can be considered to reflect homology (Mindell and Meyer, 2001 ). Perhaps more importantly, our results suggests that fundamentally new properties of the genomes of avian lineages can be discovered by comparison of string frequencies, new properties that need to be explained on a mechanistic basis and that could prove useful as heuristic tools in other vertebrate clades (such as marsupials and eutherians) or genomic regions (such as nonrecombining and recombining DNA). This is the largest to date on avian molecular evolution. Although many researchers have collected very large DNA sequence databases to document the taxonomic distinctness of the signatures of various microbial species (Nussinov, 1984 ; Karlin and Ladunga, 1994; Abella et al., 1999), our data set is the largest (-1 Mb) to be analyzed via standard treebuilding methods.
The phylogenetic utility of genomic signatures in this study rests, however, on only the basal split within birds; we clearly cannot claim that genomic signatures offer phylogenetic resolution for other parts of the avian tree. We suspect that some of the bizarre results in our tree are the result of our data set. For example, small differences in genomic signatures can hardly be expected to be accurately detected in short DNA sequences, for which the estimation of string frequencies may be less reliable. Among recently diverged species, where the differences in signatures are expected to be small, the impact of taxon-specific physiological, mutational, or isochore biases likely mislead phylogenetic analysis ( Still, we would be overstating the utility of genomic signatures for strictly phylogenetic analysis if we blamed our trees on an inadequate data set. Rather, we suspect that, as one might guess for comparisons of nonhomologous DNA sequences, it is simply difficult to extract detailed phylogenetic information from data such as these. We therefore promote genomic signatures not as a general tool for phylogenetics but rather as an exploratory tool for examining genome evolution, particularly for closely related groups. Our analysis suggests that differences in genomic signatures will track phylogeny primarily at deep nodes within vertebrates, as has been shown for major branches of life (Deschavanne et al., 1999). Analysis of genomic signatures of various clades could also inform traditional phylogenetic analysis. If the differences in higher order DNA sequence structure between ratites and neognaths were due to underlying differences in the mutational spectrum, directional mutation pressure, or physiological constraints on DNA sequence evolution, these differences could be accommodated into parameter values for models of DNA sequence evolution that better approximate the dynamics within each clade. The detection of nonstationarity in the substitution process, in evolutionary rates, and in base composition in different lineages is becoming more common (2000) suggested that homeothermy and basal metabolic rate might contribute to similarities of genomic signatures independent of phylogenetic relationships. Consistent with this effect, neognaths, particularly passerines, are known to have on average higher basal metabolic rates than paleognaths (Garland and Ives, 2000). Because this scenario addresses only point mutations and because we found no strong differences in base composition between paleognaths and neognaths, it does not directly address the origin of differences in DNA strings between these groups. Nonetheless, it will be important in the future to conduct comparative analyses to determine the possible convergent impacts of physiology on genomic signature diversity. Using a series of crude F-tests, we rejected a clock for genomic signature evolution. Our data suggest possible increases in rate of genomic signature evolution in perching birds (Passeriformes). First, visual inspection (data not shown) suggests longer branches along passerine lineages in unconstrained (Fitch) trees (Figs. 4d-f) . Second, in constrained trees in which a molecular clock is in effect, the signature diversity fits the mtDNA tree, in which passerines are basal, better than it fits the nuclear DNA sequence or DNA hybridization trees, in which passerines are derived. For the mtDNA tree, the longer branches in the passerine clade are better accommodated at the base of the tree when branches from the root to the tips are constrained to be equal, suggesting a higher rate of signature evolution in this clade. An increase in the rate of signature evolution in passerines would be consistent with conclusions of other studies that have found increases in the rate of point mutation in this clade Ahlquist, 1988, 1990 ; Cooper and Penny, 1997). Although our analysis indicated the possible utility of genomic signatures, full realization of the potential of genomic signatures for phylogenetic reconstruction and an understanding of their evolutionary dynamics will require considerably more advanced statistical and theoretical approaches (e.g., Sandberg et al., 2001 ).
Dynamics of Genomic Signatures
